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Kinetics of the Silicon-Silicontetrachloride Reaction in 
a Flow System 
Ole Alstrup and Carl O. Thomas 1 
Physics Department, Section III, Technical University of Denmark, Lyngby, Denmark 
ABSTRACT 
The kinetics of the heterogeneous reaction 
Si + SIC14 = 2SiCt2 
have been studied in a flow system with helium as the carrier gas. For this 
reaction the postulated rate expression 
d (0 00o) ( 0o00) 
S i  --1.0 X 106 exp P41/2 + 9 exp P2 
dt RT RT 
g Si cm -2 sec -1 
was shown to describe the experimental results. The flow system data has been 
analyzed in terms of quantitatively measurable system parameters. Con- 
sequently true rather than apparent constants are found. 
The reduction of silicon and germanium tetrahalides 
in a hydrogen atmosphere is widely used as a method 
for preparing epitaxial films of these materials. The 
type reaction is written usually as 
MX4 + 2II2 = M -5 4HX [I] 
where M is the group-IV element and X is the halogen. 
This form is not even an accurate indication of the 
material balance. For example, a variety of other 
products occurs in the silicon-chlorine process includ- 
ing SiHCI3 and miscellaneous polymeric forms. In 
spite of the large amount of experimental work in this 
field, a high level of uncertainty remains as to the 
mechanism by which hydrogen is involved in the over- 
all process. However, there is a general consensus in 
the literature [silicon (I-5) and germanium (6-7)] 
that the type disproportionation 
iV[ ~- 1V;.X 4 ---~ 2MX2 [2] 
is one of the reactions in the over-all process. The 
equil ibrium for the Si-SiCI~ reaction following Eq. [2] 
has been studied quantitatively by Sch~ifer and Nickl 
(8-9). They concluded that no other molecular species 
were present o any significant degree. Bylander (2) 
and 1V[onchamp, McAleer, and Pollack (5) have 
studied the disproportionation reaction in a flow sys- 
tem, but no quantitative kinetic data were obtained in 
either case. Monchamp et al. then used a low-pressure 
closed system, somewhat similar to that used by 
Heinecke and Ing (10) in germanium studies, for the 
investigation of the kinetics of the disproportionation 
reaction. They found that 
dNo <_ 49100 ) 
- - - -8 .23  X 1024 exp - -  P41/2 
dt RT 
atoms S icm-~sec -1 [3] 
where No is the number of atoms in the silicon sample 
divided by its surface area, and P4 the SIC14 pressure. 
A rate expression of this form indicates that the reac- 
tion must go to completion, and that the equil ibrium 
constant must be either zero or infinite. The equil ib- 
r ium constant is known to have a finite value (8), and 
consequently the rate expression of Monchamp et al. 
cannot be strictly valid. We postulate, subject to sub- 
sequent experimental verification, that the complete 
rate expression is of the fol lowing fo rm 
1Present address: Department of Physics, University of Tennes- 
see, Knoxvil le, Tennessee. 
dNo 
...... k'l P4n + k'2 P22n [4] 
dt 
where P2 is the SIC12 pressure (PSiCl2) in the reaction 
zone, and k'z and k'2 are rate constants. In Eq. [4] the 
factor-of-two relationship between the exponents i  a 
requirement imposed by the form of the equil ibrium 
constant, since this is found to be equal to P2~/P4. At 
high flow rates, i.e., not near equil ibrium, I k'2P22n[ << 
Ik'tP4nl and Eq. [3] and [4] become similar in form. 
As one approaches equil ibrium at low flow rates, the 
r ight-hand term becomes increasingly significant. We 
have determined the numerical values of kh and k'2 
and n. The data, when extrapolated to zero flow rate, 
yield an equil ibrium constant in reasonable agreement 
with that reported earlier by Schiller and Nickl (8). 
Experimental 
The reaction chamber is shown in Fig. 1. The nor- 
mal flow direction was in through the larger tube and 
out through the smaller central tube. The lower l inear 
velocity through the external tube provided better 
temperature equil ibration for the incoming gases. The 
influence of the flow direction was only detectable for 
flow rates above about 1 cc sec -1. The close annular fit 
between the two concentric pieces and the capillary tip 
on the inner piece was intended to minimize back- 
streaming of gases. The volume of the reaction zone 
could be changed by changing the distance which the 
central piece was inserted into the larger tube. 
At the highest flow rates used, the input pressure 
was less than 10 mm (Hg) above atmospheric pressure. 
Since the pressure terms enter to the one-half power 
and to the first power, the error in neglecting this 
pressure increment was considered to be negligible. 
The flow rate was measured by means of a soap-film 
flow meter (11). A cold trap and a short capillary 
were placed between the exit of the reaction chamber 
and the flow meter to prevent halide products from 
getting into the flow meter. The flow rate data were 
EXIT 
l REACTION CHAMBER~ 
iNPUT l
Fig. 1. Quartz reaction chamber 
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cor rected  to s tandard  condi t ions  (ccsec  -1 at  25~ and 
760 mm Hg) .  
In  the  range  of about  0.2 cc sec -1 to severa l  ccsec  -1 
the  flow cont ro l  and  reproduc ib i l i ty  were  bet ter  than  
___5%. At  f low rates  be low about  0.2 ccsec  -1 the  re -  
p roduc ib i l i ty  degenerated  rapid ly .  Therefore ,  at  very  
low f low rates  a motor -dr iven  oil p is ton pump was 
used. In  th is  way,  a known vo lume of he l ium was 
pumped through the react ion  chamber  in a g iven 
t ime. The  f low ra te  reproduc ib i l i ty  was  about  •  
A p la t inum-wound Heraeus  fu rnace  was used for  
heat ing .  The  fu rnace  prof i le was flat to _2~ for  more  
than  the length  of the  react ion  zone. The  temperature  
was s tab le  to about  _2~ for  the  durat ion  of the  runs,  
usua l ly  about  ~z hr.  The  contro l  thermocoup le  was 
mounted  ad jacent  to the  fu rnace  wind ings ,  and  the 
measurement  thermocoup le  was  in  contact  w i th  the  
end of the  react ion  chamber .  A ra ther  h igh  act ivat ion  
energy  was  found for  the  react ion.  Consequent ly  the  
ra te  wi l l  be  qu i te  sens i t ive  to the  temperature  var i -  
at ions,  and  th is  may be  one of the  sources of the  
scat ter  in  the  data.  
The  s i l icon sl ices were  cut  to a (111) o r ientat ion  
( _0 .5~ They  were  then  mechan ica l ly  po l i shed on 
both  sides to a f inal th ickness  of about  0.5 mm.  The  
f inal po l ish  was w i th  1~ a luminum oxide. The  slices 
were  then  waxed down and sawed to specif ied d imen-  
sions. The  area  f igures used in subsequent  ca lcu lat ions  
inc lude both  faces and  the  tota l  edge area  of these  
slices. 
The  etch ra te  of the  react ion  was determined  by  
we ight  loss measurements  on  a mic roba lanee .  B lank  
we ight  loss runs  were  made w i th  he l ium alone. The 
b lank  we ight  losses were  cons is tent ly  lower  than  3% 
of the  smal les t  we ight  losses produced by  the  react ion,  
so th is  cor rect ion  was d is regarded.  
The  downst ream deposi t  in the cooler por t ion  of 
the  sys tem was sil icon, w i th  no ev idence  of po lymer ic  
fo rmat ion .  
Mathematical Analysis 
We assume complete  mix ing  in the  reactor  vo lume.  
For  th is  condit ion,  where  mix ing  is very  rap id  com- 
pared  to the  rate,  the  compos i t ion  wi l l  be  un i fo rm 
throughout  the react ion  vo lume and equa l  to the  out -  
put  composi t ion.  This  is of course a l im i t ing  condit ion,  
but  i t  is apparent ly  fu l f i l led in  the  react ion  chamber  
used here  as is la ter  shown in the  d iscuss ion of the 
results .  For  th is  cond i t ion  the  dep le t ion  ra te  of SIC14 
in the  react ion  chamber  is 
din4 
- - -  = vo  (p4 ~ --~pd) [5] 
dt 
where  m4 is the  we ight  of the  incoming  SIC14 vapor,  
p4 ~ the dens i ty  of SIC14 in the  incoming  gas, p4 the  den-  
s i ty of SiCla in the  react ion  chamber ,  and  vo the  f low- 
ra te  of the  unreacted  gas mixture .  ~ is a cor rect ion  for  
gas expans ion  produced by the  chemica l  react ion  and  
is equa l  to (1 ~- P4o) / (1  -b P4), where  P4 ~ is the  SIC14 
pressure  in the  incoming  gas and  P4 the SIC14 pressure  
in the  react ion  chamber .  Equat ion  [5] may be rewr i t -  
ten  as 
dmo Mo din4 Mo 
- -  - -  - -  vo  (p4 ~ - -  ap4)  [6 ]  
dt M4 dt M4 
where  mo is the  we ight  of the  s i l icon sample,  Mo the  
atomic  we ight  of St, and  M4 the  molecu lar  we ight  of 
SIC14. Combined  w i th  the postu la ted  ra te  express ion  
wh ich  may be  wr i t ten  
1 dmo 
. . . .  klP4 n -~ k2P2 2n [7] 
A dt 
where  A is the  tota l  sur face  area  of the  sample  we get 
1 M0 
- -  - -  Vo (p4 ~ - -  ap4) ~ klP4 n -- k2P22n [8] 
A M4 
March 1965 
For  P4 o = 0.1 a rm and P4 equal  to the  equ i l ib r ium 
va lue  at 1170~ a is equa l  to 1.023. Th is  is la rger  than  
any  va lue  app l i cab le  to our  exper imenta l  condi t ions  
and  consequent ly  we drop the a te rm at this  point.  A t  
la rger  va lues  of P4, the  a te rm can of course become 
signif icant.  For  a = 1 we have  
P2=2(P4  o -P4)  ~2AP4 
Inser t ing  th is  in Eq. [8] and  conver t ing  the p4 te rm 
to P4 d imens ions  by  mul t ip l i ca t ion  w i th  Md/RT  we get 
Vo Mo M4 
- -AP4  ~ kiP4 n --  k2(2 AP4) 2n 
A M4 RT  
or 
oo . 
A RTk-----1 -t- ~) (AP4) 2n-1 =AP4-- [9] 
where  K is the  equ i l ib r ium constant  = P22/P4 = 
(k l /k2)  1In. I t  is s igni f icant  that  for  condi t ions where  
complete  mix ing  obta ins  the reactor  vo lume is not  
one of the  sys tem var iab le  or constants .  
The  der ivat ion  ignores  the "back-s t reaming"  effect 
wh ich  o f ten can  in t roduce  an er ror  at  low flow rates.  
The  fo rm of th is  cor rect ion  was der ived  by Mer ten  
(12) and  used by  Thurmond and  F rosch  (13). We have  
checked the  we ight  loss f rom the react ion  in our  sys-  
tem at zero f low and  found it  to be  about  the same 
magn i tude  as the  b lank  we ight  loss. Th is  was done by  
first b lowing  SIC14 through the  sys tem for 3 min  to 
insure  that  a s teady-s ta te  cond i t ion  was establ ished.  
Then  the sys tem was  c losed and  a l lowed to s tand  at  
the  react ion  temperature  for 1 hr.  The  sys tem was 
then  qu ick ly  purged  w i th  he l ium and the we ight  loss 
measured .  A f te r  subt ract ing  the  ca lcu lated  we ight  loss 
for the  first 3 ra in  (obta ined  f rom data  in o ther  runs)  
the  d i f ference is then  due to back -s t reaming .  
Results and Discussion 
Evaluat ion of n.--P4, the  ambient  SIC14 pressure  in 
the react ion  chamber ,  can be determined  f rom the  flow 
rate,  the  in i t ia l  SIC14 pressure  P4 ~ and  the s i l icon 
we ight  loss by  us ing  the equat ion  for  the  mater ia l  
ba lance  
1 dmo RT  
AP4 = [ 10] 
vo dt Mo 
where  - -dmo/dt  is set  equa l  to the we ight  loss of the  
sample  d iv ided by  the  t ime for  the  exper iment .  We 
use these va lues  to const ruct  Fig. 2, wh ich  is a log-  
log plot  of etch ra te  vs. P4. This  neglects  the second 
r ight  hand term of Eq. [7]. A s t ra ight  l ine can be 
drawn through the  h igh  flow ra te  points,  w i th  a s lope 
of n = 0.49 _ 0.01 in agreement  w i th  Monchamp et al. 
F igure  2 is based  on n ine  runs  made at a react ion  tem-  
perature  of 1170~ and vo/A ~ 3 cm/sec .  The s t ra ight  
3.2 
~:  ~ 
E 3.0 
'5 
~z.e  
%,t  
~ 2.4 
2.2 
20 I f I I 
-a.o -2 .s  -~,.o - , .5  - , .o 
9 as  P4 
Fig. 2. Etch rate in g Si per cm 2 per min vs .  the SiCI4 pressure. 
In log- log plot the s lope is equal  to the exponent  n. 
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line shows that one can neglect he second term in Eq. 
[7] for the high flow rate experiments. The low flow 
rate data points can lie far from the line. The validity 
of the above procedure is further supported by Fig. 5 
which wil l  be discussed later. 
Evaluation of kz.--For the special case on n ~-0.5 
Eq. [9] simplifies 
Vo Mo 1 ( 4 ~ "~ P~'~ 
~- : [11] 
A RT kl \K ;  ~P4 
In Fig. 3 we have plotted P41/2/AP4 vs. vo/A for the 
1170~ data. The slope of the line is Mo/RTkl  and the 
intercept at vo/A = 0 is 2K -1/2, so that we can deter- 
mine both the rate constant kl and the equil ibrium 
constant K. (kl can also be determined from Fig. 2 
and checks within 3%). The lower curve is a least- 
squares fit to 39 runs. The reaction chamber volume 
was from 1.5 to 4 cc for this group. The upper curve 
is for three additional runs at 6 cc volume. For these 
runs the volume was large enough to invalidate the 
complete mixing assumption, and to produce an ap- 
parently lower rate constant. For the remainder of the 
runs at other temperatures the reactor volume was 
kept small enough to be in the complete mixing range 
and no dependency on the volume was observed. 
Sch~fer and Nickl (8) give 0.050 (in arm) for the 
1170~ equil ibrium constant. From Fig. 3 we find a 
value of 0.035 • 0.015 which is in tolerably good agree- 
ment with Sch~fer and Nickl's result. 
The slope of the lower curve in Fig. 3 yields a value 
of kl ~-~ 79 x 10 -6 g Si cm -2 see -1 arm -z/2 which 
is about five times as large as the kl value calculated at 
1170 ~ C from Monchamp's rate expression. 
Runs similar to those previously described were 
made at reaction temperatures of 1000 ~ and 1080~ For 
each reaction temperature a least squares plot as shown 
in Fig. 3 was made. Since the slope is Mo/RTkl,  the 
rate constant kl at each temperature can be determined. 
The intercept in each case was again 2K -1/2. For these 
temperatures, K was in closer agreement with Sch~fer 
and Nickl's result. 
The three values of kl are plotted vs. reciprocal 
12C 
10C I 
80 
'g 
~ 60 
m~ 
~-, 40 
20 
0 P - 
0 100 200 300 400 500 
~/A crnlrnin 
Fig. 3. Data plot based on Eq. [11] for determination of kl 
2,0 
.=- 
..J 
1.6 
1,2 
0,8 
0.4 I I ! I I I I I I 
79 77 7.5 7.3 7.1 6.9 
104/T  = K 
Fig. 4. Temperature dependence of kl 
temperatures in Fig. 4. The activation energy is found 
to be 67 __. 7 kcal mole - I ,  which gives 
(67000)  
k l=  1.0 • 106exp . gS icm-2sec - la tm -1/2 
RT 
[12] 
This activation energy is even higher than that re-  
ported by Monchamp et al. Both Monchamp and 
Heinecke have indicated that for flow system measure- 
ments they found a very low apparent activation en- 
ergy, about 5 kcal in the case of silicon (5). We are un- 
able to account for the great difference between their 
flow system data and ours. We would expect the ap- 
parent activation energy to be lower in the closed 
s-cstem where the mass transport is l imited in part by 
diffusion and convection currents in the gas phase. This 
could account in part for the difference between 49 
kcal reported for a closed system by Monchamp and 
the 67 kcal found in the present work for an open flow 
system. 
Calculation o:f k2.--One cannot, of course, derive the 
rate expression from the equil ibrium constant directly. 
However, if the rate expression is correctly formulated 
in Eq. [4], we can calculate k2 and its activation energy 
from the data available at this point. At equil ibrium 
kiP41/2 ~- k2P2 [13] 
and k2----ktK -1/2. We have found both Ir and K as 
functions of temperature, but since our value of the 
equil ibrium constant is in agreement with Sch~fer and 
Nickl's and the latter is determined with more ac- 
curacy we have used their value for calculating k2, i.e., 
we use  (, 000) 
K = 1.21 • 10 ~o exp arm 
RT 
Therefore by use of Eq. [12] we can go directly to (,~176176 
k2 = 9.0 exp RT 
and the complete rate expression 
1 __din~ _~- - l .OX lO6exp ( 67000 ) p4z/2 
A dt RT  
(29000)  
-t- 9 exp P~ g Si r  see -1 [15] 
RT 
The two activation energies are consistent with the 
H value for the reaction as calculated from the heats 
of formation of the dichloride and of the tetrachloride. 
Flow rate dependency.--Rearrangement of Eq. [11] 
gives 
I~zP41/z 
AP4 : [6] 
2k2 -]- voMo/ART 
Figure 5 il lustrates the etch rate, stated as weight 
loss per cc of gas, as a function of the vo/A parameter. 
The solid line is calculated from Eq. [16] (Recall that 
1/vo x dmo/dt is proportional to aP4, Eq. [10]) for a 
reaction temperature of 1170~ and P4 ~ equal to 0.045 
atm. The broken line is calculated using only the 
kiP41/2 term from Eq. [7]. For low flow rates the 
curve is too high and approaches Complete reaction 
rather than the equil ibrium value. For vo/A ~ 3 cm/sec 
one is al lowed to disregard the second term in Eq. [15]. 
By inserting Eq. [10] in Eq. [16] we get 
dmo kiP41/2 
[17] 
dt 1 RT  1 
- -  -}- 2k2 
A Mo Vo 
or  
1 dmo kiP41/~ 
- [18] 
A dt RT A 
1 -'r 2 k ~ - -  
Mo Vo 
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Fig. 5. Etch rate in g Si per cc of the gas vs.  the flow rate 
divided by the sample area. 
At sufficiently low flow rates Eq. [18] gives 
1 drf~o Mo kl vo 
A dt RT  2k~ A 
Mo ( g ~1/2 vo P41/2 
= RT 
At high flow rates 
1 dmo 
A dt 
[19] 
- -  _ _  k iP41/2  ~ k iP4  ~ [20]  
By plotting 1/A x dmo/dt vs. vo/A as with Eq. [19] 
and [20] one gets a curve with asymptotes in 'both 
ends.' From the asymptotes one can calculate kl and K. 
However the low flow rate region often is so small that 
the asymptote is determined with a high uncertainty. 
Equation [17] and Eq. [18] are consistent as to 
asymptotes. However if one uses samples of different 
area, it is seen from Eq. [17] that one cannot get a 
curve in the intermediate r gion by plotting dmo/dt vs. 
vo. We see that the flow dependency is expressed by the 
ratio vo/A rather than by Vo. 
The dimensions of vo/A are cm/sec, a l inear velocity, 
but should not be construed as being the actual l inear 
velocity of the gas in the system, since the area is 
that of the sample and not the cross section of the 
reactor. Mathematical normalization to unit area, in- 
troduced in Eq. [7] leads to the vo/A form. 
General comments. - -The temperature measurement 
of the reaction chamber is done with a thermocouple 
placed outside the reaction chamber. Because of the 
possibility of a temperature difference between the 
outside and inside of the reaction chamber there may 
be a systematic error in the temperature measurement. 
There are different sources of error. The incoming gas 
may not be sufficiently warm. As mentioned previously 
this was the case when the gas was let in through the 
narrow inner tube. When we use the outer tube the 
temperature profile in the furnace is so fiat that the 
gas obtained the right temperature at all flow rates. 
This can be seen by the following argument. If the 
gas temperature is lower than the stated reaction tem- 
perature, the temperature difference wil l  increase with 
increasing flow rate as the time of heat transfer per 
cc of gas from the wall  wil l  decrease. Consequently for 
two "identical" experiments, where vo/A is the same 
but vo is different, we should get a lower etch rate 
for the experiment at higher flow rate. This is not 
observed within the experimental  uncertainty. An- 
other source of error could be the heat of the reaction. 
Also, an error may appear since there may be a tern- 
perature difference between the gas and the furnace 
walls. In fact some later experiments carried out in a 
quite different system gave etch rates that all were 
10% higher than those given here. It may be explained 
by the two last sources of error. Including these ex- 
periments in the calculations would change kl about 
15% and K about 40%, whereas n would be unchanged. 
These figures may indicate the uncertainty of the ex- 
periments. 
Comparing our results with those of Monchamp et al. 
we see that the n-value is the same whereas we get 
different values for the activation energy of kl. The 
difference is so large that it cannot be explained by an 
error in our temperature measurement. We believe it 
more l ikely that Monchamp's etching is partly diffu- 
sion limited. This is the case for our experiments with 
the large reaction chamber as shown in Fig. 3 (upper 
l ine). The value of kl is lower but the value of n is 
still 0.5. 
Another difference between Monchamp's and our re- 
sults is that we in the rate expression use the actual 
pressures of SIC14 and SIC12 in the reaction chamber, 
whereas Monchamp apparently uses the initial pressure 
P4 ~ or an over-al l  pressure P4 + P2. However this can- 
not explain the difference in our kl values. 
The high activation energy for the etching reaction 
and the fractional order of the reaction imply that the 
rate l imiting step is surface adsorption or desorption 
as suggested by Monchamp et al. In this case we 
would expect o see a relationship to the surface rough- 
ness factor. However no difference in etch rate was 
observed on chemically polished and on lapped sam- 
ples. In most of the runs, the total thickness reduction 
was about 250~. Consequently the initial roughness pro- 
duced by different surface treatments would be 
smoothed out early in the runs, and the roughness vari -  
ation could be hidden, along with other experimental 
variables, in the standard deviation. There was no 
detectable rate difference between the (111), (110), 
and (100) planes. Also, there was no noticeable pref-  
erential development of crystal faces near the edges 
or corners of the samples. On the other hand if the 
rate- l imit ing step is surface adsorption or desorption, 
one would expect n to vary with pressure, which is 
not found in the pressure region used. 
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LIST OF  SYMBOLS P4~ 
P4 
A surface area of the sample. T 
correction factor to account for the volume ex- t 
pansion in the reaction chamber, vo 
K equil ibrium constant = P22/P4. 
Si-SiC14 REACTION 323 
rate constants, associated with P4 and P2, re- 
spectively. 
atomic weight of Si. 
molecular weight of SIC14. 
weight of Si sample. 
number of Si atoms in the sample per unit  sur- 
face area. 
= posic14 = SIC14 pressure in the incoming gas. 
= Psici4 ---- SIC14 pressure in the reaction zone. 
Ps ic l2  = SIC12 pressure in the reaction zone. 
___ P4o - -  P4. 
gas constant. 
density of the incoming SIC14. 
density of SIC14 in the reaction chamber. 
absolute temperature. 
t ime (sec). 
flowrate of the incoming gas mixture (cc/sec) 
corrected to 298~ and 1 atm. 
Localized Enhanced Diffusion in NPN Silicon Structures 
R. Gereth, P. G. G. van Loon, and V. Williams 
ITT Semiconductor, Shockley Laboratory, Palo Alto, California 
ABSTRACT 
Extensive studies of the Emitter Dip Effect (EDE) in npn silicon structures 
are reported. Typically, 1 ohm-cm n-type silicon starting material  was used. 
Boron diffusion into this material resulted in a 0.7~ base depth and surface 
concentrations of 1.8 x 1020 cm -~. The emitter egions had surface concentra- 
tions of 3 x 1020 cm -8 and .0.4~ junction depths. The dip was typically 0.3~, i.e., 
the base penetrated 0.3~ deeper under the emitter than elsewhere. Important 
experimental findings are: (A) Crucible grown, zone refined, and epitaxial 
silicon give the same results. (B) The EDE occurs only if phosphorus doping 
is sufficient o overcompensate the base doping. (C) Multiple emitter diffusion 
causes multiple dips. (D) Slow cooling from diffusion temperature enhances 
the dip. (E) An enhanced boron diffusion constant in the base layer apparently 
causes the dip rather than the rejection of boron by the region of high phos- 
p horus concentration. (F) The dip is not present for lightly doped (101~ cm -s)  ase layers. 
Localized enhanced iffusion of the base collector 
junction underneath the emitter regions has been ob- 
served in double diffused high-frequency transistors 
(1-3). This phenomenon is often referred to as Emitter 
Dip Effect (EDE). Not very much attention has been 
given to the EDE in the relevant l iterature during 
recent years. This was mainly due to lack of repro- 
ducibility complicating the study of the EDE and its 
theoretical explanation. The EDE was first reported by 
Miller (1), who described the phenomenon and sug- 
gested the possibility that the effect was caused by im- 
purity interactions uch as published by Reiss et al. 
(4) for l i thium in germanium. Later, the EDE was dis- 
cussed by Baruch and co-workers (2). Based on a 
vacancy enhanced iffusion mechanism they developed 
an hypothesis which partial ly explained the EDE ob- 
served in a npn structure made with gall ium base 
diffusion. 
The earliest work which was done in the course of 
the investigation reported here was concerned with 
the reproducibil ity of the effect. Previously, the EDE 
had been observed only sporadically and was found 
to be connected in some way with the time and tem- 
perature of predeposit of both the base and the emitter 
dopants, subsequent diffusion and oxidation steps, and 
operator technique, as well as general cleanliness of 
the furnaces. After a schedule had been found which 
gave reproducible results from run to run, intensive 
studies were made to establish the experimental con- 
ditions for the creation of the EDE. Most emphasis was 
put on a shallow diffused silicon npn transistor. The 
experiments were extended later to pnp structures. 
Experimental Results 
Starting material and standard diffusion schedule.-- 
The starting material used in the majority of the ex- 
periments was n -n  + epitaxial material obtained from 
Merck, Monsanto, Allegheny, and Texas Instruments. 
The vapor grown n -  silicon film was about 10~ thick 
and had a resistivity of 1 ohm-cm, corresponding to a 
carrier concentration of 5 x 1015 cm -s. The resistivity 
of the n + substrate ranged from 0.002 to 0.04 ohm-cm. 
The same results were obtained when experiments 
were carried out using crucible grown silicon material 
of equivalent doping level. The schedule which was 
followed in most of the work is described below and 
il lustrated in Fig. 1. 
(A} STARTING SiLiCON N- 
IDcm 
15 mln, 1050 = C I N ' ]  
(C) OXIDATION 
45mln ,750~ 
S 0 2 9 
I N- f 
(D) OXIDE SELECTIVELY 
ETCHED 
1 N- I 
7.Stain, I000  ~ C 
Fig. 1. Processing steps for fabrication of shallow diffused npn 
silicon structures. 
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